Lithium-air batteries have captured worldwide attention due to their highest energy density among the chemical batteries. To provide continuous oxygen channels, here, we synthesized hierarchical mesoporous perovskite La 0.5 Sr 0.5 CoO 2.91 (LSCO) nanowires. We tested the intrinsic oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) activity in both aqueous electrolytes and nonaqueous electrolytes via rotating disk electrode (RDE) measurements and demonstrated that the hierarchical mesoporous LSCO nanowires are high-performance catalysts for the ORR with low peak-up potential and high limiting diffusion current. Furthermore, we fabricated Li-air batteries on the basis of hierarchical mesoporous LSCO nanowires and nonaqueous electrolytes, which exhibited ultrahigh capacity, ca. over 11,000 mAh·g -1 , one order of magnitude higher than that of LSCO nanoparticles. Besides, the possible reaction mechanism is proposed to explain the catalytic activity of the LSCO mesoporous nanowire. electrocatalysis | energy storage W ith the growth of energy demand, searching for new clean energy sources to replace conventional fuel energy has been a challenge today (1-6). Li-ion batteries have developed rapidly in recent years because of their low cost, long cycle life, good reversibility, and no memory effect. However, even when it was fully developed, the highest energy storage of Li-ion batteries is insufficient to satisfy the ever-increasing requirements for batteries with high capacities (7, 8) . Recently, Li-air batteries have attracted great interest because they potentially have much higher gravimetric energy storage density compared with all other chemical batteries (9-18). They could theoretically offer very high specific energies (i.e., 5,000 Wh·kg −1 ) because oxygen, the cathode active material, is not stored in the battery, but can be accessed from the environment. Thus, Li-air batteries are eco-friendly electrochemical power sources.
Lithium-air batteries have captured worldwide attention due to their highest energy density among the chemical batteries. To provide continuous oxygen channels, here, we synthesized hierarchical mesoporous perovskite La 0.5 Sr 0.5 CoO 2.91 (LSCO) nanowires. We tested the intrinsic oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) activity in both aqueous electrolytes and nonaqueous electrolytes via rotating disk electrode (RDE) measurements and demonstrated that the hierarchical mesoporous LSCO nanowires are high-performance catalysts for the ORR with low peak-up potential and high limiting diffusion current. Furthermore, we fabricated Li-air batteries on the basis of hierarchical mesoporous LSCO nanowires and nonaqueous electrolytes, which exhibited ultrahigh capacity, ca. over 11,000 mAh·g -1 , one order of magnitude higher than that of LSCO nanoparticles. Besides, the possible reaction mechanism is proposed to explain the catalytic activity of the LSCO mesoporous nanowire. electrocatalysis | energy storage W ith the growth of energy demand, searching for new clean energy sources to replace conventional fuel energy has been a challenge today (1-6). Li-ion batteries have developed rapidly in recent years because of their low cost, long cycle life, good reversibility, and no memory effect. However, even when it was fully developed, the highest energy storage of Li-ion batteries is insufficient to satisfy the ever-increasing requirements for batteries with high capacities (7, 8) . Recently, Li-air batteries have attracted great interest because they potentially have much higher gravimetric energy storage density compared with all other chemical batteries (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . They could theoretically offer very high specific energies (i.e., 5,000 Wh·kg ) because oxygen, the cathode active material, is not stored in the battery, but can be accessed from the environment. Thus, Li-air batteries are eco-friendly electrochemical power sources.
However, there are some challenges in Li-air battery research. In an aprotic electrolyte, the fundamental cathode discharge reactions are thought to be 2Li + O 2 → Li 2 O 2 and 2Li + 0.5O 2 → Li 2 O. Recent studies demonstrated the degradation of the electrolyte (19, 20) , and the precipitation of reaction products Li 2 O 2 / Li 2 O or electrolyte decomposition products on the catalyst and electrode eventually blocked the oxygen pathway and limited the capacity of the Li-air batteries.
To enhance the performance, it has been suggested that one method for enhancing the mobility of oxygen ions is to provide disorder-free channels of oxygen vacancies, using compounds with the perovskite structure that exhibits cation ordering (21, 22) . It is well known that perovskite materials have wide applications in catalysis for fuel cells and metal-air batteries due to their defective structures and excellent oxygen mobility. Shao-Horn and coworkers have deeply studied perovskite oxides for oxygen evolution reaction (OER) catalysis and found that Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-x and La 0.5 Ca 0.5 CoO 3-x catalyze the OER with intrinsic activity that is at least an order of magnitude higher than that of the state-of-the-art iridium oxide catalyst in alkaline media (21) . Another method of increasing the oxygen pathway is using porous structure (20, (23) (24) (25) (26) . Wu et al. have synthesized highly ordered mesoporous platinum@ graphitic carbon composites as an oxygen reduction electrocatalyst that exhibited much higher active capacity for Li-air batteries (24). La 0.5 Sr 0.5 CoO 3-δ (LSCO) has been considered one of the best candidates for cathode materials in solid oxide fuel cells (SOFCs) and as a catalyst in Li-air batteries (22, (27) (28) (29) (30) (31) (32) . In this paper, hierarchical perovskite LSCO mesoporous nanowires were synthesized using a facile multistep microemulsion with La(NO 3 ) 3 , Sr(NO 3 ) 2 , Co(NO 3 ) 2 , and KOH followed by a slow annealing method. As a control experiment, LSCO nanoparticles were also synthesized by a similar method but rapid annealing was used (Fig. S1 shows details of the synthesis and reaction; Fig. S2 shows a control experiment).
To determine the phase structures of the products, the X-ray diffraction (XRD) measurements were conducted. Reaction products before slow annealing [▲, peaks of La 0. 5 Fig. S3 . After slow annealing, the XRD patterns of the nanowires (Fig. 1A ) exhibit consistent diffraction peaks with those of the La 0.5 Sr 0.5 CoO 2.91 (JCPDS card no. 00-048-0122: a = 5.4300 Å, b = 5.4300 Å, c = 13.2516 Å), indicating the pure phase of these nanowires. A model of the LSCO (Fig. 1A, Inset) shows a typical perovskite structure and oxygen vacancies in which ionic transport can be enhanced. A more accurate model of the LSCO structure and an explanation are shown in Fig. S4 (28) . It is well known that perovskite materials have wide applications in catalysis due to their defective structures and excellent oxygen mobility. Meanwhile, more disorder-free channels can be obtained from the crystal structure of perovskite La 0.5 Sr 0.5 CoO 2.91 . A significant disorder exists between the La and Sr layers. Thus, oxygen can diffuse easily and be stored in and between the crystal lattice structures.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) techniques were further used to characterize the morphology and detailed structure of the products. As can be seen from the SEM image (Fig. 1C) , the as-prepared hierarchical mesoporous LSCO nanowire with diameter around 150 nm is composed of interconnected nanorods, and the surface is rough and porous. Further information about the hierarchical LSCO mesoporous nanowire was obtained from a TEM image ( Fig. 1 D  and E) . It is confirmed that the nanorods have diameters of about 40 nm. From Fig. 1E , Inset, the pores in LSCO nanorods from the mesoporous nanowire were observed; another clear image is also shown in Fig. S5 . Close inspection at the junction shows that the LSCO nanorods were orientedly collected, suggesting that the LSCO nanorods were not just loosely attached. The high-resolution (HR)TEM image at the junction (Fig. 1F) shows that LSCO nanorods are tightly attached to each other at an atomic level when they formed the hierarchical nanowire. This unique structure provides good physical contact between the nanorods and an increased oxygen pathway and is beneficial for electronic conduction. Remarkably, from the arrows and fast Fourier transform (FFT) patterns on selected areas (Fig. 1F) , the crystal directions of LSCO internal crystal and external junction are different, which demonstrates that the LSCO nanorod and hierarchical nanowire crystallization are not simultaneous. The possible formation mechanism for the hierarchical mesoporous LSCO nanowires is suggested, as shown in Fig. 2 . In the process of preparing hierarchical mesoporous LSCO nanowires, LSCO nanorods first crystallize and grow in the microemulsion of La(NO 3 ) 3 , Sr(NO 3 ) 2 , Co(NO 3 ) 2 , and KOH at a high stirring rate (SEM image in Fig. S6A ). Then LSCO nanorods selfassemble at a low stirring rate and a bigger water pool in microemulsion, and then LSCO nanorods play the role of a template itself for the oriented growth of attached nanorods, which results in the formation of hierarchical mesoporous LSCO nanowires.
The N 2 adsorption desorption isotherms and the corresponding Barrett-Joyner-Halenda (BJH) pore-size distributions are shown in Fig. 1B . The hierarchical mesoporous LSCO nanowires present typical type-IV N 2 sorption isotherms with distinct H3 hysteresis loops that can be linked to slit-shaped pores. The poresize distribution curve shows consequent mesoporous nanowires with an average pore width ∼10.17 nm. The specific surface area of mesoporous nanowires is 96.78 m 2 /g, which is much larger than that of reported nanowires with similar size (27) . Remarkably, these kinds of unique pores can effectively provide disorder-free channels of oxygen vacancies that may improve the electrocatalytic performance and Li-air battery performance.
Results and Discussion
The efficiency of Li-air batteries, to some extent, is limited by the slow kinetics of the oxygen reduction reaction (ORR) and the OER (22, (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . To assess their ORR and OER catalytic activity, our materials were first loaded (with the same mass loading) onto glassy carbon electrodes. We used rotating-disk electrode (RDE) measurements to reveal the ORR kinetics of catalyst in aqueous elec- trolyte, in 0.1 M KOH (Fig. 3). Fig. 3A shows the cyclic voltammogram of activated carbon (AC), LSCO nanoparticles + AC, and hierarchical mesoporous LSCO nanowires + AC electrode in O 2 -saturated 0.1 M KOH at a scan rate of 5 mV·s −1 in the range of 0.4-1.0 V reversible hydrogen electrode (RHE) (r = 0 rpm). The cyclic voltammetry (CV) curve of hierarchical mesoporous LSCO nanowires + AC exhibit more positive ORR peak potential and higher peak current than AC and LSCO nanoparticles + AC. Fig.  3 B-D shows the linear scanning voltammograms of the catalystcoated RDE obtained under various rotating speeds from 400 to 2,000 rpm. The half-wave potential at 1,600 rpm was ∼0.77 V (Fig.  3D) , more positive than that of AC (∼0.62 V; Fig. 3C ) and LSCO nanoparticles + AC (∼0.67 V; Fig. 3D) . Excellently, the limiting diffusion current of hierarchical mesoporous LSCO nanowires + AC electrode can reach to −13 mA·cm −2 , which is much higher than that of activated carbon or other catalysts for Li-air batteries. The equation
where i (shown in Eq. 1, above) corresponds to the measured current, n is the overall transferred electron number, F is the Faraday constant, C 0 is the saturated concentration of oxygen in 0.1 M KOH (1.14 × 10 −6 mol·cm −3 ), A is the geometric area of the electrode (cm 2 ), ω is the rotating rate (rad·s Fig. 3E . On the basis of the average values calculated from different potentials, overall electron transfer numbers of AC, LSCO nanoparticles + AC, and hierarchical mesoporous LSCO nanowires + AC are, respectively, 2.2, 3.0, and 3.1. And the overall electron transfer number of hierarchical mesoporous LSCO nanowires + AC (n = 3.1) is quite close to pure α-MnO 2 (n = 3.1) for the ORR in alkaline solution (34) . Attractively, the hierarchical mesoporous LSCO nanowires and LSCO nanoparticles have a similar overall electron transfer number (3.1 vs. 3.0), but hierarchical mesoporous nanowires have a high limiting diffusion current, which indicates that the hierarchical mesoporous nanostructure can provide surface active sites for oxygen reduction reaction and possess sufficient order to enable O 2 access to the heterostructures facilely. Fig. 3F shows that as the catalyst for a Li-air battery, mesoporous LSCO nanowires have better ORR and OER activity.
To further study the catalytic performance in a nonaqueous electrolyte, CV and ORR/OER polarization curves were tested in a nonaqueous electrolyte from 4.2 V to 2 V (V vs. Li) by RDE, with the same electrolyte, electrode, and potential region as those in Liair batteries, shown in Fig. 4 . The CV and ORR/OER polarization curves of hierarchical mesoporous LSCO nanowires + AC exhibit more positive ORR peak potential (∼2.9 V), and higher peak current than those of AC and LSCO nanoparticles + AC.
To investigate their electrochemical performances, we fabricated Li-air batteries in a nonaqueous electrolyte. Distinct from others, the catalyst inks were dispersed on a pretreated filter paper that can provide plenty of oxygen channels, load reaction products, and protect anode and electrolyte from H 2 O to some extent (Fig. S8A ). Fig. 5 shows the discharge curve of Li-air batteries, using a filter paper-supported nanocrystals electrode tested in the ambient environment by the addition of oxygen (oxygen pressure close to 1 atm) or argon. It was tested under the current density 50 mA/g, including the mass of LSCO nanomaterial and AC from 2 V to 4.2 V. To exclude possible electrochemical contributions from the lithium intercalation/deintercalation or nonoxidative effect of decomposition of organic functional, the electrode was discharged to 2.0 V in pure argon as shown in Fig. 5A . The discharge capacity of hierarchical mesoporous LSCO nanowires + AC testing in pure argon is limited to 42 mAh/g. However, the capacity has greatly increased under oxygen, shown in Fig. 5 B-D . Surprisingly, the discharge capacity of perovskite LSCO mesoporous nanowires + AC electrodes can reach 11,059 mAh/g with a plateau at around 2.7 V and the corresponding specific energy is 27,647 Wh/kg, with an average voltage of 2.5 V. The capacity of LSCO mesoporous nanowires + AC electrodes is significantly higher than that of activated carbon (1,444 mAh/g) and LSCO nanoparticles + AC (5,302 mA/g). The hysteresis tested by RDE shown in Fig. 4 is ∼2.9 V whereas the plateau in the Li-air batteries test is ∼2.7 V. Considering the resistance voltage drop caused by the battery separator or pretreated filter paper, the result here is reasonable.
To explain the electrochemical results, it is important to consider the hierarchical perovskite mesoporous structure that exerts such a significant influence on discharge capacity. Here, there are four possible factors to affect the enhanced discharge capacity in Li-air batteries. First, this performance is related to the Brunauer-Emmet-Teller (BET) surface area. The BET surface area of LSCO mesoporous nanowires reaches 96.78 m
, which is much larger than that of the prepared LSCO nanoparticles (11.87 m 2 ·g −1 ) (Fig.  S2C ) and other nanowires with similar size as reported. Second, the continuous disorder-piled pores formed by attached LSCO nanorods are able to provide free channels for oxygen even when the reaction products Li 2 O 2 /Li 2 O or electrolyte decomposition products cover the surface of catalyst and electrode. Third, perovskitedefective structures and small pores on the LSCO nanorods strongly increase oxygen mobility at a lower scale and the kinetics of the oxygen reduction reaction. Fourth, this kind of hierarchical structure shows that the self-aggregation of nanorods was greatly reduced because of the attachment of nanorods in the nanowires, which provides more active sites and keeps the surface area large to make full use of the advantages of nanostructured materials.
Although the Li-air batteries have ultrahigh capacity and specific energy, there are numerous scientific challenges to be overcome. To further study the reaction mechanism of Li-air batteries and the LSCO catalyst effect, here we disassembled the batteries and analyzed the anode and cathode materials before and after discharge, which is shown in Figs. S7 and S8. At the anode, the metal Li foil before discharge is a bright and metallic color. However, the metal Li foil surface after discharge in an ambient environment turned into off-white. The XRD indicates that the white materials are a mixture of LiOH·H 2 O, LiOH, and electrolyte decomposition products, which may influence the cycling performance of the Liair battery. At the cathode side, the size of catalysts has increased due to ORR or electrolyte decomposition products covering the surface of the catalyst and electrode, as shown in Fig. S8 .
To explain the catalytic activity of the LSCO mesoporous nanowire, a possible mechanism was proposed by considering the structure of perovskite and the reaction path of O 2 reduction. Recently, Bruce et al. (10) demonstrated that LiO 2 is an intermediate on O 2 reduction in a nonaqueous Li-O 2 battery and Li-air battery reactions were given as follows:
Considering that O − 2 has a high activity and LiO 2 is not stable, Eq. 2 is the rate-controlling step. In our work, Fig. 4 shows that the CV and ORR/OER polarization curves of hierarchical mesoporous LSCO nanowires exhibited a more positive ORR peak potential and higher peak current than AC and LSCO nanoparticles. We suppose that the hierarchical mesoporous LSCO perovskite structure makes the ORR reaction (Eq. 2) easier and more rapid and the possible reason is as follows.
In Eq. 2, influence factors include oxygen diffusion, oxygen chemisorption, and O − 2 desorption. Because of its 1D mesoporous structure and oxygen vacancies, LSCO provides enough free channels for oxygen diffusion. Meanwhile, according to molecular orbital principles (21) , O 2 and Co ions may be functionally similar to Lewis acid and Lewis base sites, respectively. Here, Co ions can act as an active center for O 2 chemisorption. CoO 6 species with e g electrons can donate electrons to σ*2p orbitals of O 2 . The t 2g electrons of Co ions can interact with π*2p electrons of O 2 to form a π-bond. Thus, the bond (Co-O 2 ) strength and oxygen chemisorption can be increased. Additionally, oxygen vacancies in the LSCO catalyst can decrease the repulsion between adsorbed O and lattice O, leading to enhanced oxygen chemisorption. The high specific surface area, perovskite structure, and mesoporous structure of LSCO are beneficial to Li + diffusion and the formation rate of LiO 2 and Li 2 O 2 . In summary, a facile multistep microemulsion followed by a slow annealing method was used to fabricate hierarchical perovskite La 0.5 Sr 0.5 CoO 2.91 mesoporous nanowires and we demonstrate that the hierarchical mesoporous LSCO nanowires are high-performance catalysts for the ORR with low peak-up potential and high limiting diffusion current. The specific capacity of the Li-air battery based on hierarchical mesoporous LSCO nanowires is over 11,000 mAh·g -1 , which exhibits ultrahigh performance for the Li-air battery. Besides, the possible reaction mechanism is proposed to explain the catalytic activity and Li-air batteries reactions. The hierarchical perovskite mesoporous La 0.5 Sr 0.5 CoO 2.91 described in this article will have great potential applications in the Li-air battery, fuel cells, or other electrochemical devices.
Materials and Methods
Materials Synthesis. Hierarchical mesoporous perovskite LSCO nanowires were synthesized using a facile multistep microemulsion with La(NO 3 ) 3 , Sr(NO 3 ) 2 , Co (NO 3 ) 2 , and KOH, which was followed by vigorous stirring and then slow stirring for 6 h at room temperature and aging for 24 h after demulsification. The nanowires were then annealed at 800°C at the rate of 1°C/min in argon gas to obtain hierarchical perovskite La 0.5 Sr 0.5 CoO 2.91 mesoporous nanowires. As a control experiment, LSCO nanoparticles were also synthesized by a similar proportion but rapid annealing was used (10°C/min) (synthesis details in Fig. S1 ).
Electrochemical Measurements. Five milligrams of AC (XC-72) or 0.75 mg of LSCO nanoparticles mixed with 4.25 mg of AC or 0.75 mg hierarchical mesoporous LSCO nanowires mixed with 4.25 mg AC and 122 μL of 5 wt% Nafion solutions were dispersed in 1 mL of 3:1 vol/vol water/isopropanol mixed solvent by at least 30 min sonication to form a homogeneous ink. A saturated calomel electrode was used as the reference electrode in all measurements and was calibrated with respect to a reversible hydrogen electrode. Cyclic voltammetry and linear scanning voltammetry were conducted in a threeelectrode electrochemical cell. Twenty micrograms of sample was loaded on the glassy carbon working electrode (5 mm in diameter). Electrochemical data were collected with an Autolab electrochemical workstation. KOH (0.1 M) and LiPF 6 (1 M) in ethylene carbon/dimethyl carbonate were used as the electrolyte. The three-electrode cell used for RDE measurements (Pine) consists of a platinum electrode as a counterelectrode, a saturated calomel electrode as a reference electrode or a lithium-foil counterelectrode, and a platinum electrode as a reference electrode. For the measurement on filter paper, the working electrode was prepared by loading 2 mg of sample from its ink. The electrochemical properties were carried out by assembling 2,025 coin cells in a glove box filled with pure argon gas, using a lithium pellet as the anode, 1 M solution of LiPF 6 in ethylene carbon (EC)/dimethyl carbonate (DMC) as the electrolyte, and filter paper-supported samples as cathode electrodes. Galvanostatic discharge was studied in a potential range of 4.2-2.0 V vs. Li/Li + with a multichannel battery testing system (LAND CT 2001A).
Characterization. The crystal phase and purity of the products were characterized by X-ray powder diffraction. X-ray diffraction patterns of the products were recorded on a Rigaku D/MAX-III diffractometer with monochromatized Cu K a radiation (k = 1.5406 Å). Field-emission scanning electron microscopy images were collected with a Hitachi S-4800 at an acceleration voltage of 10 kV. TEM and HRTEM images were recorded by using a JEOL JEM-2010 FEF microscope at an accelerating voltage of 200 kV. Energy dispersive spectroscopy (EDS) was performed on a JEM 2100F STEM/EDS. Nitrogen adsorption and desorption isotherms were measured using a Gemini 2360 instrument by adsorption of nitrogen at −209°C.
